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FOREWORD

AlE This report covers work on one phase of the photoheliograph
i

development task, NASA Code 945- 84-00-01-00, for the period
November 1967 through June 1968. 	 The photoheliograph has
been proposed to NASA for the Apollo telescope mount (ATM) by
Caltech, with Professor Harold Zirin as the principal inve.sti-
gator and Dr. Robert Howard of Mt. Wilson and Palomar
Observatories the co-investigator (see TM 33-369, November

sR ' 1967).	 The objective of the investigation is to obtain high reso-
j lution cinematographs in white light near ultraviolet and narrow

band hydrogen alpha.	 Because of the ATM program uncertain-,fY ,
ties, emphasis has been placed on areas of technology that are

i somewhat mission -independent, but the ATM spacecraft has
beer used to establish design constraints.

i

i

t

e

rf

r

i•i a

}

n_



Ic

Ir"

I
F.111,

I

1
750-13l

3

;m

ABSTRACT

Design and analysis work has progressed to a point
where the photoheliograph structure, supports, mountings
and mechanisms are now being detailed for prototype fabrica-
tion. The basic telescope structure consists of a central
truss-type housing which is mounted to the ATM spar. To
this housing are attached demountable subassemblies con-
taining the primary mirror and launch locks, the secondary
mirror system and realignment mechanisms, and the camera-
filter cluster. All components are being stress checked for
the maximum anticipated launch loads. This includes the
basic . structural members as well as the locks and clamps
which immobilize and support the mechanisms during launch.
Additionally, thermal analyses are being performed for both
operating and unusual conditions (such as dark-side standby,
off-axis search for the sun, etc. ). The results have, in
certain cases, changed or modified the materials which were
selected on the basis of loads and weights. Detailed design

s	
work is continuing with the object of early fabrication of
critical components for environmental testing. Principally
among these are the primary mirror mounting cell and the
mechanisms for alignment and focus,
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III

PHOTOHELIOGRAPH STRUCTURE, MOUNTING,

AND MECHANISMS

ful!"
GENERAL DESCRIPTION

The photoheliograph configuration that has now been selected for detail
design is shown in Fig. 1. It consists of primary mirror assembly, secondary
mirror assembly, the housing and mounting structure, the camera cluster, and
various accessories. ThQ telescope proper is mounted in one of the four quad-
rants of the ATM as shown in Fig. 2. This fills the quadrant to capacity and,
in fact, requires the removal of some of the spar insulation to keep the housing
from extending too far beyond the boundary cylinder circumscribing the spar.

r The best fit still requires special spar corner braces for this quadrant. The
 camera cluster will be located in the adjacent quadrant because of the addi-

tional space needed. The proposed ATM-B experiments have been listed by the
Bendix-Martin group and these can still be properly mounted in. the ATM.

Fig. 2 shows the envelope of each piece of equipment.

For structural integrity, all subassemblies of the photoheliograph are
attached directly to the housing, and only the housing is attached to the `spar.
Clearance holes through the spar are required for the'components in the adja-
cent quadrant the light tube, camera rack, and alignment sensor. The
assembly is mounted on the ATM spar at three points, two of them are on the
primary cell and the third is at the secondary end of the housing. These	 t

YI
mounts are designed so that differential expansion of the spar, distortions due 	 j
to launch. loads, or thermal deflection of the spar will not load the telescope

} housing and hence will not produce any alignment errors of the mirror sur-
faces relative to each other (See Fig. 3). Pointing maybe shifted relative to
the ATM center line due to these thermal distortions or as a real a-f launch
loads. The spotting scope, howaver, and the monitoring vidicon systems will
identify the target, and differences in pointing between the pkotoheliograph and

sthe ATM fine sun sensor can becompensated for by the astronaut. tJ,

1	 ,
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As installed in the ATM, the restraint of heat transfer to or from the
spar have been considered by (1) selecting low-conductivity materials for the
mounts, (2) retaining at least one inch of super insulation on the spar at the
points where the housing structure comes close, and (3) wrapping the telescope
with a thermal. insulating blanket.	 The operating temperature of the telescope
structure will be approximately 75°F with the active cooling system running.
The insulation provisions, plus the fact that excess solar energy is effectively
dumped directly to space, will properly restrict the heat transfer to the ATM
spar.

Over one quadrant, the ATM canister cold wall faces the thermal con-
trol radiator for the active cooling system.	 The radiator is attached to the
spar along either- side, to the telescope along the center, and to the spar cor-

( ner braces at each end. 	 The radiator is basically a plate to which a grid
pattern of tubing is attached (similar to the canister cold wall) which conducts
the cooling fluid from the telescope to the pump and accumulator. 	 Stiffeners
will be added as necessary, but as this structure needs only to be self-
supporting, elastic flexibility during launch will not be a problem.

3
Each component of the photoheliograph structure has been or is beingy

{. stress-analyzed for a 50g static equivalent of the combined launch modes of
f

steady acceleration plus vibration plus acoustic energy (Appendix C). 	 As the
i

z ' weight limitation does not allow each member to be heavy enough to insure no 
distortion as a result of these launch loads	 the design incorporates several^	 g	 p

realignment mechanisms which may be operated by the astronaut, either
E remotely or manually, once the ATM is in orbit. 	 Primarily, these included

^I
two sets of motor-gear assemblies which can adjust the secondary assembly in
all 6 degrees of freedom.

The reference is the alignment sensor which is mounted rigidly to the

4 primary mirror, cell.	 The tolerances on the orientation and distance of the
sensor from the optical axis has been specified in detail (Document 750-8).

t These are necessary in order to be able to rely on the alignment sensor for
in-flight realignment of the secondary assembly. 	 At least one realignment is
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During Launch, the telescope aims downward and all moveable items are
held securely by launch locks.	 These include sets at the primary mirror, the
secondary assembly, and the moveable camera cluster.	 The ATM canister

^i
provides a dust-tight door; contamination within the ATM is prevented from
entering the telescope by a flexible collar running from the secondary assembly

k;
, s	 ,ring to the can ister end plate.	 The detailed structure, adjustment mecha-

f	 i
nisms, and launch locks are, described in the following sections.

REQUIREMENTS (Figs. land 2)

One of the two basic specifications for the mechanical design of the
photoheliograph is the Functional Requirements Specification by Professor

4
Zirin.	 The requirements of the number of cameras and the operating wave-
lengths and the bandwidth for each of , them are obtained from this specifica-
tion.	 These data, in turn, determine the dimensional stability requirements,

`'. the, exposure time, the vibration level that can be tolerated in operation, and
the tolerable vibration level that can be generated with the thermal control
system and motors.	 This specification also controls the minimum acceptable

tit

size of the telescope.	 The upper limit is determined by the space available in
} the spacecraft.	 The dimensions of the subassemblies and the weight of the

components are determined from this information. 	 The specification also
specifies the alignment control and the realignment capabilities which affect
the structure	 All of these data de,.ermi,^te the requirements for launch locks..
The size, weight, and movement (control and alignment movement) of the
various components establishes the component strength which determines the
requirements for launch locks. 	 Basically, the Functional Requirements Speci-
fication determines the telescope outline.

The second specification is the Marshall Spaceflight Center Environ-
mental Design and Test Criteria. 	 This	 listsspecification	 the temperature,
launch vibration, acceleration, and acoustic levels.	 It further specifies the
heat transfer—the method to be used for cooling and the allowable heat load to
be dissipated.	 From conferences with Marshall, Bendix and Martin-Marietta,
the,limitations on telescope size, weight, and mounting location in the ATM
were ascertained.	 This information controlled the outside diameter, the
length, the accessory protuberances, and the method of mounting to the spar.

u
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The conferences also indicated the arrangement of the thermal control
radiator and the location of the camera cluster. 	 The final configuration has
not been compromised structurally or mechanically. 	 Changes, if any, for

i mounting on a different spacecraft would be accessory locations and mounting
attachments.	 See Figs.	 1 and 2.

f

^ c The location of the camera cluster in the adjacent quadrant will notJ	 q	 be a
^.^ problem during assembly in the ATM because (1) notches can be made in the

?R

spar so that the camera rack can be preassembled to the telescope and the
assembly inserted into the spar, (2) the light tube is non-critical and can be

i` added later by mounting to the housing through access holes, and (3) the
alignment requirements of the cameras are not very restrictive. 	 The light

- beam coming down toward the cameras is approximately 5 cm in diameter.
, As long as there is a full frame within that beam, it is a matter of mental

calibration to determine what is being photographed. 	 This can be verified by
the monitor white light vidicon located with the film cameras or by the real
time display if vidicons are used. 	 The full camera frame is about 2-1/2 cm.

{ The large beam allows some motion of the secondary assembly during realign-
ment without losing the picture, i. e. , without the beam sweeping past the

{ frame.	 The spotting telescope serves only for rough spotting; fine detail
cannot be seen through it and it merely gives an indication of where the tele-
scope is pointed on the face of the sun. 	 The final verification of the aiming is

i	 with the monitoring. vidicons.

a The interface with the ATM places no restriction on how the photohelio-
i graph is attached to the spar, providing that there is no interference with any -
`	 other experiment and no compromise of the super-insulation provided for the

spar.	 The generally accepted mounting method is a three-point compensating
suspension, so that the mounting is rigid but does not load or distort the hous-
ing if the spar should distort.	 That is, each mounting is free in some direc-
tions, but holds in the others.	 See Figs. 3, 4, and 5.

y< The interface of the,	 lotoheliograph with the ATM or other spacecraft i

I	 support includes thermal, mechanical, electrical, and optical considerations.
The thermal interface consists of the heat-transfer restrictions to the support.
structure and to space.	 The latter, in the ATM, -means radiation to the .

'	 canister coldwall.	 The mechanical interface includes the mounting provisions,

_.
7
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the dust contamination sleeve, the thermal control fluid piping, and the doors in
the canister provided by the ATM. Also, the possibility of astronaut EVA for
adjustments or film change or repairs might be added. The electrical interface
includes raw power to the photoheliograph plus the control and signal lines to
and from the photoheliograph and the astronaut control console in the LM. The
optical interface consists of (1) the pointing of the telescope and (2) the align-
ment of the telescope with the fine sun sensor. The optical input is then con-
verted to electrical energy and becomes part of the electrical interface. The
optical requireme.r, ^s specifications have dictated certain requirements on the
structure for initial alignment and in-space realignment.

ALIGNMENT MECHANISM

	

f	 Two methods of approach to an alignment mechanism are possible:
(1) everything bolted or welded in place so that it will not shift, but would result

	

'	 in a tremendous weight penalty, or (2) the 'logical approa.ch,which is to make

	

r	 everything that might move, adjustable.

As long as adjustments are being made, the range should be large enough
to compensate for fabrication tolerances. Initially, there are optical tolerances
in the primary mirror, namely, the location and angle of the optical axis and
the focal length. This immediately requires five degrees of freedom in the
mounting cell of the primary mirror - that is, five rather than 'six degrees of
freedom because as the mirror is circumferentially symmetrical, roll is not a

r; factor. The exact same tolerances plus roll apply to the concave secondary
mirror, and the same alignment adjustments are built into the secondary mirror

j	 mount. The roll, oz,- sixth degree of freedom is important because at the center
of the secondary is the small alignment mirror, which receives a beam at three

	

E	 degrees off the optical axis. The in-space realignment mechanism in the sec-
ondary assembly will take care of all necessary realignment of the telescope
due to small permanent shifts in the structure such as slippages of truss joints

^t
and so on, but not catastrophic changes. Catastrophic changes would be ones
that require EVA to manually realign a normally fixed item such as a secondary
flat, or to put the camera back on its track, or to repair the mount, etc. A

	

f	
telescope structure cannot be built to these weight limitations and only elastic-
ally deform due to the given launch loads. There may be some shift. It, is not
a completely homogeneous structure; there are bolted and riveted 	 s.

	

^a	 P	 Y	 g	 joints'.
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During initial assembly, each optical component will have to be adjusted
as far as its alignment is concerned. This is due to the inherent manufacturing
tolerances of the mirror themselves, of the mounts, of the structure, and so
on. The adjustments on the primary mirror are in the clamps around the
central hub, which can tilt the mirror in pitch-and-yaw and shift it laterally
Z and Y (spacecraft coordinates, see Fig. 2). After that is done, the launch
locks, which are located around the outside circumference of the mirror, are
individually adjusted so that they fit properly. The coarse adjustment of the
axial or X-position (again, spacecraft coordinates), which is the primary to
secondary spacing and may vary plus or minus 1-inch from nominal, is done by
spacer blocks between the primary mirror cell and the first ring of the housing
structure. There are three sets of these because there are three bolt points
between cell and housing. The fine X adjustment will be done later, in space,
by the mechanism that moves the secondary assembly. We can allow this
because the total motion of the secondary, as far as is optically permitted, is
plus or minus 0. 040 inch. The total X-direction travel of the secondary that
has been built-in to take care of all possible contingencies, is plus or minus-
1 /8 inch.

Within the secondary assembly we have the same tilt and Z-Y position
adjustments as for the primary mirror and also the secondary cell can be
moved in the X-direction relative to the central tube. The reason for this Z
motion capability within the• secondary is to take care of the tolerance in the
focal length in the secondary mirror. Thus, there are three X-direction
adjustments; first there are the primary cell-housing spacers which is a coarse

MS.  
adjustment of primary to secondary distance, second is a coarse adjustment of
the secondary mirror, which compensates for the secondary focal length, that
is, the distance from the field stop in the heat-stop mirror to the secondary
mirror, and the third is the fine adjustment of the entire secondary assembly,
which can be done repeatedly, on the ground and again in space.

t

Each of the three diagonal flats in the secondary assembly (see Fig. 6)	 }

namely, the heat-stop, the first diagonal flat on the inside of the secondary
assembly, and the second flat up behind the corner of the light tube, has -in its
cell a three-point suspension that is adjustable to take care of small tilt require- 	 {
merits. This is also an initial adjustment, on the ground,` during assembly.
The final assembly adjustment is in the camera cluster. Each component can	 j

11	 .l

r'l.
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be shimmed and the entire movable track can be adjusted, up and down and
laterally, This is in order to get the beam of light centered on the camera
frames when everything else is in neutral position. The first adjustment for
the camera rack is to get the final field stop centered on the beam. After that
each component can be centered on the beam. In progression, these include
the beam splitters, the filters, the cameras, and the monitoring vidicons.

The tightest tolerances that we have after the primary-secondary distance
is the location of the alignment sensor relative to the optical center of the pri-
mary mirror. This is our reference for in-space realignment. For that reason
the alignment sensor is mounted directly to the primary mirror cell to mini-
mize the mechanical path length between the optical axis and the alignment
sensor. Zero shift between those two is desirable. The allowable is very
small, on the order of t 0. 001 in, between the optical center of the primary
mirror and the center point of the rotating knife edge in the sensor.

There are other, non-critical adjustments, such as the heat-dump mirror,
the small diagonal mirror in front of the spotting scope and the spotting scope
itself. But these adjustments can be by standard shim or slotted bolt-hole con-
struction. Undetermined at this time is what alignment adjustments are nec-
essary for the telescope as a whole, relative to the ATM spar, in order to
bring us into alignment with the fine sun sensor or the ATM spotting scope.
These may not be at all necessary because differences in pointing can be cali-
brated during final alignment tests. The active alignment (and realignment)
control is mainly the motion of the secondary mirror assembly and in conjunc-
tion with the alignment sensor and can be can be used during in-flight, photo-
graphic operation. It is not a one-time effort like the ground alignments during
a s s embly.
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PRIMARY MIRROR

REQUIREMENTS

In evolving a design for the primary mirror, various requirements some-
times conflicting, had to be considered. Each had to be satisfied, at least in
part, to the extent that no optical or operational constraint was compromised.
The resulting configuration is somewhat unorthodox, but only in superficial
appearance. Structurally, and fabrication-wise, the design is sound. The
final configuration (Fig. 7) of a thin, radially tapered, solid structure with
internal active cooling passages and a stabilizing hub at the rear represents the
best compromise and, on paper, satisfies each of the requirements.

From the various pertinent documents, in-house analyses, and discus-
sions `'rith cognizant personnel at MSFC, Martin -Mar rietta, and Bendix, the
following mechanical requirements for the primary mirror were obtained:

(1) Material amenable to the usual grinding and polishing techniques
for high quality optics

(2) Low expansion coefficient, or high thermal conductivity, or both

(3) Material to be homogeneous such that any thermal or load deflec-
tion will be uniform around a circumference within the optical
path difference (OPD) tolerances

(4) All dimensions to have circumferential symmetry
i

(5) Launch loads (acceleration, vibration and acoustics) to be those of
Appendix A (worse case at the spar-unattenua.ted), MSFC Spec.

4
50M 02408, ''Environmental Design and Test Criteria for ATM
Components'' January 31, 1967

(6) Vibration and shock levels in operation assumed zero or of such a
E
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(Y'	 (7)	 Active thermal control (liquid cooling) of all critical optical
components. The criteria are to be whether or not the surface is

	

wi

	 in the primary optical path, the expected surface temperature
without active cooling, and the presence of adjacent, thermally
conductive structure

(8) Weight to be reasonable, of the order of 10 percent of the entire
assembly, consideration to be given to adequate support by a
mounting cell of practical proportions

(9) One-g deflection (for pre-launch testing) to be either negligible
optically, or able to be calculated with certainty. Deflections
greater than the OPD tolerance to be second order parabolic
radially

(10) For the Gregorian arrangement, with uniform thermal input over
the face of the primary, the liquid cooling must be at a constant
distance behind the face and uniformly distributed over the area

(11) For minimum surface temperature rise (and hence, minimum
thermal distortion), the distance between the front surface and the
cooling passages should also be a minimum, with due consideration
to problems of fabrication and figuring

(12) Remotely controlled, single-shot . locks or clamps to be provided to
take the calculated launch loads. (The practical locations are
around the outside circumference - see Eater discussion)

(13) The operational holding arrangement to be fixed and undisturbed
by the launch loads. Maintaining the location and alignment of the
primary mirror relative to the cell is absolutely required if the
alignment sensor is to be relied upon for adjusting the secondary
assembly in space. (The practical location for this is at the
center see later discussion)

ASSEMBLY (Figs. 4, and 5)

The primary mirror assembly includes the primary mirror proper, the
mounting structure with its initial alignment adjustments, the cell that supports
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the mounting structure, the launch locks, and a bracket for mounting the align-
ment sensor. The configuration and the performance requirements on the
primary mirror are described elsewhere in this report; however, the cell and

	

E	 the mounting structure have a few additional constraints and requirements.
First, the mirror must be held securely during operation at the required
position and orientation. This holding system should be lightly loaded by the

_z
launch environment in order to minimize any chances of shift in the initial
alignment. Secondly, a launch lock sy;^tems must be provided which can be

^i
positioned prior to launch and unlocked, on a one-shot basis, just prior to
operation. These launch locks will consist of a series of shoes around the
outer circumference of the primary mirror, located at equal intervals of
30 degrees. Each spans about 5 degrees of the mirror circumference. Two

	

J i`	 systems are presently in the process of being designed: (1) each shoe is
i! individually unlocked by a thermal actuator similar to the ones used in the

secondary assembly (See Fig. 4) -- a simpler but less reliable system, and
E,

	

(	 (2) pivoted shoes, clamped into position by a circumferential band which is
separated at two points, diametrically opposite, giving redundancy in the

j l

	if	 unlocking and high-reliability (See Fig. 5). In the second system, unlocking is

	

(	 also effected by thermal actuators which remove pins, or locking balls in the
overlapping ends of the strap.

;C

f The outside launch locks will take the majority of the longitudinal accel-
eration and w ll restrain the mirror from any tilt due to lateral or torsional

	

#	 vibration. They will also prevent the outside ends of the mirror from flapping
J up and down relative to the center due to longitudinal vibration. Initial stress

analysis, to size the bolts and shoes themselves have been done based on the
1! VA assumed 50-g equivalent static load (See Appendix C). The lock and mountPP

	

s	 ing assembly has been examined for all principal vibration modes, rigid body,

	

4j	 oil can, and lateral. If the rigidity of the hub support and rim support can be
estimated, the lowest rigid body frequency	 '

	

^	 g^	 y	 9.	 y for the mirror can be calculated asr

f ollow s	 4

	

y{	 ^ x

1s

t1
if

	

^#	 t
1

v	 ..

y

.^Sk•	 U

"1Yl. Yn ..	 a	 ..



i YA.F

7w--i:3

KR + K Rw 2 ` r r 
m 

n n 2 
Tr (radians/sec) 2

where,

Rr = Mirror Radius (in. )

Rn = Hub Radius (in.)

Kr = Rim Support Stiffness (lbs. /in. 2)

K  = Hub Support Stiffness (lbs /in. 2)

m - = Mirror Mass (slugs)

r The center of the mirror is not free, but is restrained in the axial
direction by the operational mount. Each outside clamp shares an equal mass
of mirror. There will be some elastic motion of the mounting structure, as
the lowest stiffness will be the center attachment. Moderate vibration of the
mirror as a rigid body would not be objectionable, providing all members

F

stay within their elastic limits. The amplitude can be held down to a. reason-
,able limit by providing absorption pads or coatings or by selecting structural
materials for high internal damping. Thus, the first two requirements are:
(l) a secure stable operational mount, and (2) launch locks to prevent fracture.

t	 ;The third requirement is that the mirror should not deflect during vibrations,
i	 and that, if it moves, it moves as a rigid body. This means that the outside

,clamp system should have a stiffness comparable to the center support,
because if they are rigid, the load will be transferred from the center to the
,outside edge during each vibration cycle. Either of two systems shown can beIt made to work, but more analysis is needed before we detail design the com-
ponents.

}

` The support structure located behind the mirror consists of a series of	 j
six radial trusses running between-the outer cell ring and a center tube

:F surrounding the hub of the mirror".and holding the operational mount
mechanism.	 The preferred design of these trusses is to have them machir_:ed

1$=
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out of aluminum sheet stock. This eliminates web fasteners and corner joints
for the stiffeners Each rc truss will.. be bolted to the rings of the inner and outer

{ end. The trusses have also been designed to carry the majority of the bending
n^,oment at the inner edge because this arrangement improves the stiffness with-
out a weight penalty. Adequate clearance is provided for the cooling piping to
and from the mirror, for adjusting the launch lock blocks, and for adjusting the
center operational holding assembly.

11111^^"

it

FJII^

This center assembly has several features of interest: (1) a ring
(metallic) is lapped into a groove at the Haase of the primary mirror hub. This
ring is held by a split shoe circumscribing it. The ring itself is split in
two or three pieces so that it can be cinched up tight into the groove after the
lapping. The shoe is attached to the support tube by three axial bolts with
ball joints. These bolts can adjust the mirror in the X-direction a small
amount and can tilt it in pitch-and-yaw for initial alignment of the primary
mirror optical axis. The lateral position of the ring is controlled by four
over-sized set screws. They provide the Z and Y adjustment. The shoe is
fixed in the Z and Y direction and has as its outer edge a section of a large
spherical ball which rides against the tube. Z and Y motion of the mirror is
controlled solely by the inner ring being moved relative to the shoe. At this
point, the holding of the Z and Y position is quite rigid, but the holding in tilt
is not because of the short wheel-base of the clamp ring. Therefore, addi-

i

tional set screws have been provided at the very rear end of the hub. There

j are two sets of screws: first are four which are mainly holding screws; and	 .
then there are four additionalones that press against flats at this back end,
which hold the mirror from rolling around the longitudinal X-axis. All of
these screws are accessible after the primary mirror and cell have been
assembled to the housing. This allows for adjustments during initial assembly
and readjustments, if necessary, on assembly of the telescope to the
spacecraft,_

A fourth constraint, on the design of the launch lock system in particular,
was that the release mechanisms could not be explosive types nor could they

U)"I

 ;4
be hydraulically actuated, because in either case there was a danger of leakage 	 j
of a volatile working fluid which could contaminate the optical surfaces. Also,	 !'
explosive squibs are not allowed on man-rated systems. The thermal

i

, 	
3
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actuators are totally sealed, are not explosive, and their reliability, from
past experiences, has been extremely high. They can also be tested
repeatedly prior to launch.

As designed, the overall length from the rear of the primary mirror in
its nominal position to the sunshade at the end of the secondary mirror
assembly is exactly 120 inches. This was the limit imposed by the spar
dimensions of the ATM. Marshall, Bendix„ and Martin, have given verbal
permission for using an additional three inches beyond the spar at the LM end
of the ATM. This will be used for the cooling fluid fitting at the center of the
primary mirror hub. After assembly, a guard will be placed over the hub to
prevent any damage. As presently envisioned for use with the ATM, if any
of the launch locks stick or fail to actuate, there are provisions for emergency
unlocking, either by manually reactivating the launch lock or by prying the
shoe unlocked through an access hole. This feature exists at both the primary
and secondary assemblies.

f
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SECONDARY MIRROR ASSEMBLY (Figs. 6 and 8)

Basically, this assembly consists of the secondary mirror and mount, the
i;	 two diagonal flats, the heat-stop mirror, the secondary mounting spider and thej

outside support ring. This assembly is a light-weight rigid structure because
it is controlled as a rigid body for realignment. Connecting the secondary
assembly and the sari end of the housing structure are, first of all, four launch
locks and then eight motor -gear -train pushrod assemblies. Four of theselatter
assemblies are for X-direction adjustment plus pitch and yaw tilt. The other

_j	four are for Z and Y motion, plus roll. During launch the X direction motors
EI

	

	 will be retracted and the secondary will be tight against the end of the housing.
There will be little or no load on any of the alignment pushrods. The launch
locks will pull the secondary assembly tight against the end ring of the housing.UTHI
The Z and Y restraint is by a serrated lip around the housing, that prevents Z
and Y motion and roll of the secondary assembly relative to the housing. The

D launch locks are released by thermal actuators. These are cylinders with
? flexible end bellows.	 They are filled with a high-expansion material plus a

,j small heater winding.	 When electric power is run through them the material
expands and pushes or pulls a rod.	 The rod then comes out of the launch lock

>! i hole and catches on a ratchet which holds it in the unlocked_ position.	 It is
strictly a one-time unlocking.	 This is done after the telescope is in orbit,

I ! finished with its docking, and ready to operate, because relock for any subse-
quent maneuvering is not possible.

HAS

After the secondary is unlocked, the X-axis motors are run until the
r secondary ring is approximatel' 1/8 inch away from the -end of the housing.

j This is its center position for subsequent in-space realignment. 	 The lateral
direction is controlled by four similar ^assemblies which are arranged circum-
ferentially around the secondary r 	 }u.:. ,	 at is, for the Z and Y direction plus
roll.	 They push against brackets that are attached to the end ring of the housing.
By operating these is pairs Z and Y motion can be obtained in any direction.
By operating all four together, i, ,11,the same direction, roll can be obtained,	 ;.

21
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which may be useful in repositioning the final image at the cameras after
realignment of the secondary assembly has been accomplished. The Z axis
pushrod assemblies have a ball joint at the ends which, at the request of the
optics people, has been located in the plane of the secondary mirror surface so
that all tilting is done around the center of the secondary mirror. The lateral
pushrod assemblies also are terminated in a ball joint, but their location is not
critical to the assembly, and they have been located for convenience to the
mechanical package. These motors assemblies could have been groups of three
or four. Three would give all the control needed, except for roll, because
lateral stability would be lacking with a circumferential arrangement. The four
X-direction motors provide an additional bonus. Because its impossible to run
them all exactly the same amount, the system is always locked. There is no
backlash or slop for any amount of adjustment. A strain is developed, but the
pushrod can take some 20, 000 psi, and the motors are capable of only develop-
ing something in the order of 2, 000 psi. The motor runs through a gear train.
This actuates a threaded rod which rotates inside a ball nut. The nut is attached
to the pushrod and is restrained to move only axially. The pushrods are
approximately 1/4 inch in diameter by 4 inches long. They can flex sideways
1/8 inch without exceeding 2000 psi. Once in orbit, there are no static loads on
this assembly, so the size has been more controlled for fabrication convenience 	 • ♦p t

than by any strength requirements. Also, the constant threat of a small vibra-
tion level during operation means that the pushrod should be of a size convenient
for applying damping material or sufficiently stiff to prevent objectionably large
amplitude s.
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PHOT OHE LIOGRAPH HOUSING STRUCTURE (Figs. 3, 9, and 10)

In the initial design, the housing for the photoheliograph was a cylindrical
aluminum honeycomb structure. The inner and outer skins were 0. 020-inch
aluminum sheet and the center was either aluminum or non-metallic honeycomb
or foam. The housing extended from the primary cell to the secondary assem-
bly. At the secondary end was a terminating ring, holding the realignment
mechanisms. Mounting to the ATM spar was to be at the primary cell and at
this terminating ring. A three-point mounting f!-stem similar to the present
design was envisioned.

The advantages of a solid cylindrical housing are that it provides a max-
imum of strength and rigidity for a given weight, or conversely for given set of
loads a minimum weight. Attachments to the housing for various high load
points, such as the mounting of accessories and the mirror assemblies, is
easily accomplished by reinforcement plates or gussets. Access for mirror
adjustment can be by means of small doors. Thermal insulation between the
optical components and the surrounding ATM structure is automatically pro-
vided by the housing.

t

i^

^i

i

Another difficulty with' an aluminum housing is the high thermal expansion
coefficient. ' It is expected that the housing temperature could vary from below

fi 70'F to above 75'F during normal operation. This is because the end cover
would be open during the entire orbit, half of which would be sunlight and half 	 r

Eli	 in the shadow of earth. A 5" to 7 'F'F chan e in temperature would change the_ g	 P	 g

length of the housing by . 015 inch. This is not beyond the capability of the 	 -I
realignment mechanism as to magnitude but it is in regard to the rapidity inwhich

24	

{

3
.	 1

The disadvantages of this type housing are not immediately apparent.
However, analysis has shown that during launch, the housing acts as a half-
wave organ pipe with the primary mirror acting as the end closure. This pipe
is resonant at various frequencies between 35 and 200 cps, from sea level to
15 km, which is in the region of maximum acoustical energy. Further analysis
indicated that the _primary mirror support system within the given weight lirr_a;>s
could conceivably have a stiffness such that the primary mirror would resonate
as a rigid body also in the region of 200 cps. Together these ,created a very
unsatisfactory situation.

—r-M- .1_ 7 . r	 .1 .	 11511 :111 1,-

w



i!

,

^J

Ic
It

E

I}

^E

750-13

it occurs. Refocusing the camera could compensate for a part, but not all. To
overcome this, 3 spacer rods made of low—expansion, super-invar alloy were
located around the housing. As the launch locks are released, the secondary
comes to rest on the ends of the rods. The housing is then free to expand or
contract within these rods; and thus primary to secondary mirrors spacing is
maintained. However, if, during operation, the telescope should point off from
the sun by more than 1 degree, sunlight will strike one side of the housing. In
this case, there will be a differential expansion between the opposite sides of
the housing, and the tube will bend laterally. The lateral movement of one end
relative to the other could be as much as 1 1/2 inches, which definitely beyond
the correction capabilities of the realignment mechanism. To date, there is
no assurance that the telescope pointing will be maintained within the required
plus or minus 1/2 degree throughout the entire orbit. It seems reasonable to
expect greater deviation when one considers the Fine Sun Sensor is the basis on
which the pointing control is operated.

The truss housing now designed eliminates these problems of acoustics
and thermal expansion without undue penalty in weight. This is accomplished
by making the truss structure of thin-wall invar tubing. The procedure has
been used before here at JPL. Fig. 3 shows the structure. The arrangement
falls within the size boundary of the telescope quadrant without obscuring any
of the primary mirror. The mounting for the spar may now be directly to the
housing at the ends with the primary and secondary subassemblies attaching
directly to the housing. The camera cluster and light tube, which are in the
adjacerit' quadrant also attach directly to the housing by means of clearance
holes through the spar.

Stress analysis has been made on this structure under the theorized 50 g
equivalent static load (See Appendix C and D), and the tube sizes have been
tentatively determined. Besides eliminating previous problems, this type of
structure provides less complexity and considerable increase in strength for
supporting the optical assemblies during launch. For thermal insulation, a
blanket of aluminized mylar (so called "super insulation") will be wrapped
around the housing. This will have an added advantage of providing consider-
able vibration damping to the individual truss members. Reinforcement plates

25
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are added where necessary to supp,)rt accessory equipment such as the
secondary realignment mechanisms, the spotting scope, the head dump mirror,
and the mounting brackets to the light tube and to the heat radiator.

The mounting to the spar will be by a three-point assembly as shown in
Fig. 3 or in Fig. 9 and 10. This latter , system is similar to that used by Ball
Bros. Research Corp. on other ATM experiment designs. It includes a single
ball at the secondary end, which takes loads in all three directions. At the
primary end are 2 trusses which take lateral loads as well as restrain the
telescope from rotation about any axis. Side loads at the primary end are
taken by a third member inclined to the other two. All of these members have
ball joints to prevent the development of any bending moments within the mem-
bers themselves. Mountings of this type are also useful in creating a path of
high thermal resistance between the telescope .and the spar. Small cross-
sections and low-conductivity material, such as titanium tubing can be used
and still have adequate strength within the space limitations. Various versions
of the three-point support are possible, but in any form, it is desirable to
prevent the loading of the telescope due to any distortions of the spar or frame
work to which the telescope is mounted, either due to launch loads or to
temperature changes within the structure.
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THERMAL CONTROL PROVISIONS (Figs. 1, 11, and 12)

In the secondary assembly each mirror absorbs some solar energy. If
there were no cooling provisions, the surface temperatures could rise to the
point where either the .mirrors would distort or the surface coating material
could be lost. The mirror that receives the highest heat load in watts/cm2 is
the heat-stop mirror at the primary focal point. The entire solar energy from
the 65 cm. primary is concentrated into an approximate 2. 5 cm diameter
image. This represents 400 watts, approximately 10 of which go through the
little hole in the center, about 20 watts are absorbed even though the mirror
is silvered rather than aluminized for its higher reflectivity, and the balance
of that energy is reflected over into a concave heat-dump mirror located at the
housing side wall. Again approximately 20 watts is absorbed, and the balance
about 350 watts, is dumped diagonally out through the front opening into space.

LOf the 110 watts that pass through the primary field-stop hole, about 1
watt is abosrbed at the secondary mirror and at each of the diagonal flats. The

if secondary mirror and the first diagonal are provided with active cooling. Part
x

of the main ligLdd cooling system for the telescope is bypassed in series or
I	 parallel with the primary mirror. Tubing is run along the spiders, one to
l

conduct the Liquid into the secondary assembly and another to conduct it back
out. The fluid Comes in first to the secondary mirror and then passes down

,.{	 the secondary tube to the first diagonal flat Between.the first diagonal flatY	 g.	 .	 1 g

and the field ,... stop mirror is a plenam chamber. In other words, we use the
cooling fluid `,^.tself as -,-.he heat barrier between the heat-stop mirror, which
gets `very hot, and the first ,.lagonal flat which must be protected because the
two are very close togethtir, and it was not practical to use a tubing grid for
conducting the fluid bef-,wi een the two. From there, the fluid pas ses back out of

E the secondary asserribly and over to the heat dump mirror, which has a "token"
..a

spiral of tubixLg on its back just to keep the temperature from running away.

The second diagonal flat is isolated from the rest of the telescope and
has a large mass of metal around it in the form of mounting and light tubes. It
is located in the next quadrant, which has a direct 'view of the ATM cold wall
in the canister • so it was felt that conducti on and radiation would b y ade uate
and that no liquid cooling was necessary. This leaves about 6 -1/2 watts of
energy passing down the light tube towards the camera cluster.
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After the action of the beam-split and filters, about 5 watts of this are
still left over as excess heat. This comes off the second beam splitter along
with the white light beam and passes through a Herschell wedge, which peels
off jt:,.st a small amount needed by the white light camera. The energy that
passes through the Herschell goes into a light horn, which is a totally absorb-
ing dump. This may or may not be provided with liquid cooling coils. The
provisions are in the design, but this horn has a clear ,_j;r ew of the ATM cold-
wall and radiation fins may be sufficient. So.-faf, we have made no provisions

f
for active cooling of any of the cameras or filters. The total power consumed
by these is, in the case of vidicons, in the order of 2 watts apiece; and they
have a large surface area. We feel that radiation cooling should be sufficient.
Film cam r a ma	 ' t	 `" tl 2 5Ism

}
e _	 s	 y use, in ermi er,, y, 	 watts per motor.	 There is a motor

for film	 foradvance and one	 shutter control in each camera.	 Also, in the Ha
camera, if a Lyot type filter is used, there may be an additional 35 watts for

ri its thermal control system which will have to be dumped somehow.	 If a Fabry-_
Perot type is used, then the wattage drops to about 2 and can be radiated
directly to the cold-wall,
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APPENDIX A

PRIMARY MIRROR VIBRATION

Dr. C. Babcock
Professor of Applied Mechanics, California Institute of Technology

I.	 SUMMARY

The following is a summary of the calculations made to determine the
lowest natural frequency of the mirror supported in various manners. The
details may be found in the Analysis Method Section.

(a)	 Frequencies (Uniform Thickness)

All of the frequencies calculated can be written as follows

f = K E tp R2

;i

	 For the mirror (E = 13. 4 x 10 6 psi, p = 09 Win 3)

EP = 240, 000 in/sec

For a uniform Mirror the following values of K have been found (use
V = 1/3)

SUPPORT

°i	 Inside (r = 0)	 Outside (r = R)	 K

None	 Simple Support	 277
}	 None	 Clamped	 .500

Clamped	 None	 .181
Clamped	 Simple Support	 1.194

(b) Non-Uniform Thickness

A calculation to determine the effect of the non-uniform thickness
was carried out. It was found that the error in frequency was less than
14 percent if an average thickness was used

a,
t = Base Thickness + ` Rim Thickness
a	 2

r.
f`

	35 	 k

- 166	 Ali
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If thickness giving the same volume is used the error is less than 3 percent for
a < 1/2 where

F:
tRim - tBase (1-a)

(c)	 Analysis Accuracy

In order to determine the accuracy of the analysis the results were
checked against an exact calculation.	 For a clamped uniform plate

f exact = . 494	 E	 tP	 2R

c
t

i
f approx = .500	 XP R2

i
The error in this case is less than 2 percent

I (d)	 Effect of Flub	 ...

The mass of the hub can be accounted for by adding it into the kineticr
energy term in the analysis. 	 This gives the following result for the simply

„j
supported plate

2 y

f (with hub) = 1	 1 + 6 d
o R

2f (no hub)	 t R

whe r e

do = Depth of Hub

R	 _ Radius of Hubn

t = Mirror Thickness

R =- Mirror. Radius
4
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I. ANALYSIS METHOD

Since the main interest is the frequency of vibration, an energy method
will be used. This will be checked against known frequencies to determine the
accuracy.Y

(a) Energy Method
i

The energy method of finding the natural frequencies consists of
+

	

	 equating the strain energy of the plate at maximum amplitude to the kinetic
energy at maximum velocity. For the circular plate these quantities are as
follows: (assuming axisymmetric vibration)

r,

Strain Energy = U

R27r

	

(^2
	 2w	 1 aw 2	 1	 (8w2 D 	 2 + 2 Sr 	 (L—w+ 2v r	 2 (5r	 rdrd-	 l

o	 0

	

8r	 r	 8r
.	 t

D =
	 Et3

12(1 - v2)

R

8

t
W

R	 2n

Kenetic Energy T = w2	 Pt (w)2. rdrd9

fo o	 a
_t

w_ Frequency in radians / second

i

In order to find the. frequency a displacement function which satii^,fies the
geometric boundary conditions is assumed. Carrying out the integration the
frequency w is determined.

i
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(b)	 Particular Cases

(1)	 Simply support at outside edge (uniform thickness)

The assumed function must satisfy the condition

w = oat r = R

Use

2
w = W 1 ro	 R2

Carrying out the integrations:
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Carrying out the integrations

U = Drr Wo R 2 32

T = w 2 ptir R2 10 wo

_ E t	 320
w	 p R2	 36(1-v)

f	 E t	 for v= 1

	

 R 2 2 Tr	 3

t (3) Clamped at outside edge and supported at center (uniform thickness)

For this case the assumed displacement must satisfy



x

IJ
t

P3^

1!ili

750-13

fl"',

W _	 E t 15

p R2 2

f =	 E t 15
P R 2 41T

11 "/
(4)	 Effect of Non-Uniform Thickness

Simple support at outside edge.

In this calculation it will be assumed that the thickness is a linear

function of r

t = t B (l. -(xR)

t 

R-
tBa

For the deflection

2
w = W0 (1 _ r2)

R

Carrying out the integration

q'	 Eta	 JB
D	

12 (1 -V 2)

TT _	 4 (1 + v) T=T2 /,	 3 2	 2 31
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Calculate an average thickness (by volume)

R
2	 3

- a RTr R2 to = t 2 Trrdr = t8 27r

o
r

i
r

r

to = tB (1 - 3a)

Therefore, the percent error by assuming an average thickness is given

by the following

3	
1-2a+-a2_5a3

percent error= E	 =	 1 -
163-2a	 1-

f

35"

z

E = w exact - wappr ox x 100

} w exact
j;

j

i

15

1	
S

10 error based on average thicknes s

1. E (O^O)

5 ta- (1' 2^tg :
^n

0	 1/2 1

a
^ #	 1

.	 ; f error based on thickness giving
f

+

same volume

ta = (1-3a)tB
la.

41
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(5)	 Effect of Hub Mass (simple support)

For this problem, the hub mass is added to the kinetic energy term

U = DiT42(1 +v)W2
R

T = Or w 2 W 0 R2 6+ prrRh dhw2Wo

dh RE t	 h
=	 w -	 pR2	 1- v	 1+6 t_ 

R2

	

f (with hub)	 1

	

f (no hub)	 dd^ 2

1+6=hR11
t R2

^I J

1

r

t
42

r
w
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APPENDIX B

PHOTOHELIOGRAPH WEIGHT CALCULATIONS

1
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1
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r	 APPENDIX B
t:

PHOTOHELIOGRAPH WEIGHT CALCULATIONS
F. Bonwit

With the completion of a satisfactory telescope layout and the detailed
design of certain critical components (such as the primary mirror, launch
locks, etc. ), it became practical to calculate more precise total weight,
center of gravity and moments of inertia. 	 The detailed weight calculations,
in particular, are needed for initial stress analyses, and have been completed.
The other items will follow shortly. 	 The volume and weight was calculated
for each component, structural member, fitting, bolt, etc. so that futureP	 g
changes in design or materials may be easily accommodated. 	 Sub-totals are
tabulated for comparison with strength analyses to indicated areas where
weight savings may be realized. 	 The target weight for the entire photo-
heliograph, in flight configuration, is 700 lbs. 	 The earlier weight estimate,
based on a tubular aluminum housing and a flat primary mirror, was within
this limit.	 However, the new calculated weight is 855 lbs. 	 The increase is
partly due to changes in materials and partly to overdesign of primary struc-
tural members.	 Thoughtful redesign, where indicated by stress analysis and
testing, should be able to reduce this su,.bstantially.

i

I
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APPENDIX C

PRELIMINARY DESIGN LOADS FOR THE ATM TELESCOPE
B. K. Wada

Various design loads for preliminary analysis of the ATM Telescope-: are
currently used for its design. The objective of the I. O. M. is to document the
current estimate of the levels for preliminary design.

A review of the document, "Environmental Design and Qualification Test
Criteria for Apollo Telescope Mount Components" 50MOZ408A Revision A,
February 1, 1968 indicated that the low frequency sinusoidal vibration loads
are the most severe. The vibration levels applicable to ATM are listed in
Appendix B. I. E. title "Vibration Criteria for components mounted to ATM
Canister Spar Assembly, total weight of components greater than 600 pounds
but less than 800 pounds" on page 49. As a first estimate, without a dynamic
analysis, an equivalent quasi-static load is determined.

A reasonable estimate of structural damping for the structure is 2 per-
cent of critical damping. Damping values have ranged from 1/2 percent: to
5 percent on various spacecrafts dependent on the mode and an pl tude of
vibration.

For a 2 percent damping value, the structural amplification Q is obtained
from,

1	 1
Q 2µ 2(.02) = 25.

1	 In the flight axis direction, the acceleration is estimated to be 2. 3 x 25 =
57.5 g's and in the lateral axis 2. 0 x 25	 50 g's.

For preliminary design purpose, 50 g's quasi-static loads in three	 r
orthogonal directions are used. The loads are assumed to act independently in
the three orthogonal directions. 	 {

f

1	 ":

Better estimates of the loads will be obtained upon completion of Nhe
dynamic analvsis and after the vihratibn tests_ The true loads can't be,evalu-
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